










































































































































































































































































































Table	 14	 Absolute	 value	 differences	 between	 the	mMPTA,	 LDTA,	 and	HKA	 angles	 of	 the	
same	subject	
	

















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































mLPFA	 88.4	 77.2,	100.8	 4.1	
mLDFA	 88.3	 82.2,	93.6	 2.3	
mMPTA	 87.5	 80.2,	92.2	 2.4	
aLDFA	 82.5	 76.3,	88.1	 2.2	
MPFA	 85.5	 75.7,	97.3	 4.3	
LDTA	 87.2	 79.4,	98.5	 2.9	








































































































































































































































































































































1	 1.5	 0.8	 3.0	
2	 1.6	 0.2	 0.1	
3	 0.5	 2.5	 0.3	
4	 3.0	 1.0	 1.0	
5	 0.5	 0.9	 0.9	
6	 1.0	 0.9	 1.5	
7	 0.2	 1.1	 1.7	
8	 1.0	 4.1	 1.1	
9	 1.9	 1.0	 0.3	
10	 0.7	 2.9	 6.0	
11	 0.2	 5.4	 1.4	
12	 1.8	 4.2	 0.6	
13	 2.5	 1.2	 0.5	
14	 0.2	 2.2	 0.6	
15	 1.7	 0.1	 0.3	
16	 0.8	 1.1	 0.2	
17	 0.1	 0.7	 3.0	
18	 0.4	 5.7	 2.7	
19	 2.6	 0.6	 3.9	
20	 0.2	 5.7	 1.9	
21	 1.7	 4.2	 1.5	
22	 2.7	 1.7	 0.02	
23	 2.0	 1.5	 0.3	
24	 2.1	 1.4	 2.0	
25	 1.8	 0	 1.0	
26	 1.3	 3.6	 3.5	
27	 1.9	 1.8	 1.2	
28	 2.2	 0.1	 1.5	
29	 0.7	 2.4	 0	
30	 1.6	 1.1	 1.5	
31	 2.7	 2.5	 1.5	
32	 3.1	 3.0	 0	
33	 0.4	 0.8	 0.6	
34	 0.6	 2.0	 1.4	
35	 1.3	 0.8	 1.0	
36	 1.4	 0.9	 0.3	
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37	 1.9	 3.5	 3.2	
38	 0.4	 0.2	 0.6	
39	 1.6	 0.2	 3.2	
40	 0.02	 0.2	 0.1	
41	 1.7	 2.2	 1.5	
42	 1.7	 1.3	 2.4	
43	 0.5	 1.3	 0.4	
44	 1.3	 5.3	 2.8	
45	 3.9	 5.4	 0.6	
46	 1.1	 0.9	 1.9	
47	 0.3	 2.1	 0.2	
48	 0.3	 0.7	 2.4	
49	 0.2	 2.4	 1.0	
50	 1.9	 2.6	 0.2	
51	 0.6	 0.6	 0.4	
52	 3.0	 0.7	 2.4	
53	 0.5	 1.2	 2.2	
54	 0.3	 2.2	 0.7	
55	 0.6	 0.02	 3.9	
56	 1.1	 0.9	 2.1	
57	 4.1	 3.8	 0.8	
58	 2.2	 0.8	 1.0	
59	 2.2	 1.8	 1.6	
60	 0.4	 0.4	 0.8	
61	 0.1	 2.6	 1.5	
62	 1.2	 3.1	 1.9	
63	 1.0	 0.5	 0.6	
64	 2.9	 2.0	 1.8	
65	 0.9	 2.9	 0.2	
66	 1.4	 0.02	 2.0	
67	 0.6	 0.3	 0.5	
68	 0.9	 1.4	 0.1	
69	 1.4	 4.0	 1.3	
70	 2.3	 0.1	 0.2	
71	 0.6	 3.2	 2.8	
72	 1.4	 1.7	 0.3	
73	 1.7	 1.2	 2.6	
74	 0.8	 1.0	 0.8	
75	 1.1	 2.0	 0.6	
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Table	15.	Mean	of	 the	absolute	value	differences	between	the	mMPTA,	LDTA,	and	HKA	
angles	of	the	right	and	left	legs	of	the	same	subject	
	
	 Mean	(n=75)	
Absolute	difference	of	right	and	left	
mMPTA	
1.3	(min	0.2,	max	4.1,	SD:	0.9)	
Absolute	difference	of	right	and	left	
LDTA	
1.8	(min	0.0,	max	5.7,	SD:	1.5)	
Absolute	difference	of	right	and	left	
HKA	
1.4	(min	0.0,	max	6.0,	SD:	1.2)	
	
	
We	classified	the	degree	of	ostheoarthritis	in	our	patients'	knees	according	to	the	
Kellgren-Lawrence	scale.	As	expected,	all	patients	in	our	cohort	had	a	Kellgren-Lawrence	
scale	score	of	zero,	meaning	the	absence	of	radiographic	signs	of	osteoarthritis	(Table	
16).	
	
Table	16.		Our	cohort	according	to	the	Kellgren-Lawrence	grading	scale	
	
Kellgren-Lawrence	scale	 Numbers	of	patients	
grade	0	 95	
grade	1	 0	
grade	2	 0	
grade	3	 0	
grade	4	 0	
	
	
We	attempted	to	determine	if	there	was	a	relationship	between	the	HKA	angle	and	
the	measurements	conducted	in	the	frontal	plane,	in	the	abduction	and	adduction	
motions.	Using	the	Pearson	correlation	coefficient,	all	r	values	obtained	were	weak	(r	>	-
0.50)	but	statistically	significant.	
	
Table	17.	Pearson	correlation	of	HKA	angle	and	measurements	in	the	frontal	plane	
	
Points	on	the	gait	cycle	 r	 p-value	
0-10	 -0.42	 <0.001	
11-30	 -0.42	 <0.001	
31-50	 -0.50	 <0.001	
11-50	 -0.47	 <0.001	
51-60	 -0.45	 <0.001	
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5.	DISCUSSION	
	
	 Despite	numerous	attempts	to	understand	knee	kinematics,	the	current	body	of	
knowledge	found	in	the	literature	is	insufficient	to	allow	us	to	model	normal	locomotion	
in	a	clinically	relevant	manner.	With	our	study,	we	aim	to	contribute	to	the	insufficient	
body	of	knowledge	on	normal	knee	kinematics.	Our	first	objective	is	to	model	normal	
knee	kinematics	in	sagittal	motion,	transverse	rotation,	and	frontal	plane	using	the	
KneeKGTM	apparatus.	We	also	set	out	to	determine	if	there	are	differences	between	men	
and	women	and	between	the	right	and	the	left	leg	of	the	same	patient.	Furthermore,	we	
started	exploring	a	potential	relationship	between	lower	limb	alignment	and	the	gait	
cycle.		
	
	 We	found	that	the	most	variation	in	knee	kinematics	occurs	in	the	frontal	plane,	
significant	differences	between	men	and	women	in	all	three	planes	(sagittal,	transverse	
rotation,	and	frontal),	differences	between	the	right	and	left	knees	of	the	same	patient	in	
the	frontal	plane	and	week	negative	correlation	between	the	HKA	angle	and	the	various	
phases	of	the	gait	cycle.		
	
There	are	numerous	strengths	in	our	study.	Our	analysis	on	the	gait	cycle	was	
conducted	by	the	KneeKGTM	system,	which	has	been	extensively	validated	in	the	
literature.	We	recruited	what	we	believe	to	be	an	adequate	number	of	patients	in	order	
to	model	the	gait	cycle.	Furthermore,	we	went	to	extensive	lengths	(collection	of	
demographic	data,	the	use	of	multiple	validated	questionnaires,	x-rays	that	were	
reviewed	by	an	MD	in	order	to	validate	absence	of	knee	disease	and	to	confirm	normal	
results	for	lower	limb	alignment)	in	order	to	adequately	ensure	that	our	cohort	not	only	
had	healthy	knees	but	also	did	not	present	with	any	other	comorbidities,	most	notably	
orthopaedic	or	rheumatologic,	that	could	impact	their	gait	cycle.	It	is	important	to	note	
that	no	subject	in	our	cohort	took	medication	on	a	daily	basis,	further	testifying	to	our	
cohort's	lack	of	comorbidities.	Also,	our	study	was	complete	in	the	sense	that	it	modeled	
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the	entirety	of	the	gait	cycle	in	multiple	planes	with	all	of	these	planes	being	validated	on	
the	KneeKGTM	apparatus.	
	
Our	study	also	presented	with	certain	limitations.	While	we	do	believe	that	our	
cohort	is	robust	enough	to	adequately	model	the	gait	cycle,	we	initially	set	out	to	recruit	
100	patients	with	healthy	knees.	Recruitment	proved	to	be	more	difficult	than	initially	
anticipated;	of	the	people	we	approached,	a	larger	proportion	than	we	had	initially	
estimated	had	already	been	diagnosed	with	knee	pathology	and	were,	therefore,	not	
eligible	to	participate.	In	the	end,	we	managed	to	recruit	83	patients	at	our	center	and	we	
obtained	data	from	12	patients	from	collaborators.	The	data	our	collaborators	shared	
with	us	was	unfortunately	incomplete,	as	they	had	only	evaluated	one	knee	per	patient	
and	they	had	not	administered	the	KOOS	and	the	SF-12	questionnaires.	In	our	study,	
another	limitation	was	that	we	evaluated	all	patients	at	a	different	walking	speed	and	
that	the	average	walking	speed	was	slow	(2.7	km/h	on	average,	with	no	significant	
differences	between	men	and	women).	The	subjects	were	told	to	walk	at	a	comfortable	
speed	and	no	instructions	were	provided	to	walk	faster;	we	think	the	slow	walking	speed	
stems	from	not	giving	clearer	isntructions	to	the	participants.	It	has	been	shown	in	
literature	that	walking	speed	influences	kinematic	parameters	of	the	lower	limbs	during	
walking	[21,	69-71].	Normal	walking	speed	(around	2.5	km/h)	is	associated	with	more	
knee	flexion	at	heel	strike,	less	knee	flexion	at	terminal	stance,	less	knee	abduction	
during	the	loading	response,	and	less	external	rotation	during	the	swing	phase	when	
compared	to	a	slower	walking	speed	[69-71].	Furthermore,	in	our	study,	we	did	not	
evaluate	which	knee	was	the	dominant	knee	i.e.	the	knee	the	patient	begins	their	gait	
cycle	with	and	it	unknown	how	that	would	also	influence	the	measurements	obtained.	
Lastly,	we	did	not	obtain	any	measurement	on	the	translation	plane,	as	the	KneeKG	has	
not	been	validated	on	that	plane.		
	
Our	results	regarding	knee	kinematics,	the	gender	effect,	bilateral	comparison,	
and	lower	limb	alignment	are	discussed	below	and	are	compared	to	the	relevant	
literature.	
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Knee	kinematics	
	
With	respect	to	modeling	normal	knee	kinematics	in	healthy	knees,	we	will	
discuss	our	results	in	each	plane	separately.	In	the	sagittal	plane,	we	obtained	results	
that	compare	to	the	current	literature.	We	confirmed	that	knee	extension	begins	at	mid	
stance	and	that	maximal	extension	is	obtained	at	the	end	of	terminal	stance	with	this	
value	being	approximately	5	degrees	of	flexion	in	our	cohort.	In	pre-swing,	we	had	about	
16	degrees	of	flexion,	which	represents	12%	of	the	maximal	flexion	our	cohort	is	able	to	
obtain.	In	the	literature,	up	to	40%	of	flexion	has	been	reported	in	pre-swing.	In	mid-
swing,	up	to	60%	of	flexion	has	been	reported	and,	in	our	cohort,	we	had	about	57	
degrees	of	flexion,	which	corresponds	to	42%	of	flexion	[6,	22].	
	
In	the	transverse	rotation	plane,	our	results	for	the	stance	phase	mostly	mirror	
the	literature,	which	dictates	that,	in	stance	phase,	there	is	internal	tibial	rotation	during	
the	initial	contact	and	in	the	loading	response	phases.		External	tibial	rotation	occurs	
during	mid-stance,	terminal	stance,	and	pre-swing.	Our	results	agree	with	these	findings	
with	the	only	notable	exception	being	that	in	the	beginning	of	mid-stance,	our	patients	
are	still	in	internal	rotation	for	points	11-13	of	the	gait	cycle.	As	this	occurs	on	such	a	
small	length	of	the	gait	cycle	and	there	is	transition	to	external	rotation	right	after,	we	do	
not	believe	that	it	is	of	any	particular	clinical	significance.	In	swing	phase,	according	to	
the	literature,	the	knee	should	be	in	internal	rotation	through	the	entirety	of	the	phase.	
We	found	that	the	knees	of	our	cohort	remained	in	external	rotation	until	the	middle	of	
the	mid	swing	phase	(up	until	point	80	of	the	gait	cycle)	[23,	24].			
	
The	frontal	plane	is	where	the	most	variation	is	thought	to	occur	in	the	gait	cycle.	
Recently,	Mezghani	et	al	attempted	to	identify	patterns	and	to	form	clusters	from	the	
different	patterns;	in	their	study	consisting	of	202	knees,	the	authors,	also	using	the	
KneeKGTM	system,	classified	movements	in	the	frontal	plane	in	four	subgroups	[25].	In	
the	first	group,	the	knee	was	neutral	during	the	stance	phase	and	in	adduction	during	the	
swing	phase.	In	the	second	group,	the	knee	was	in	abduction	in	the	stance	phase	and	
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adduction	in	the	swing	phase.	In	the	third	group,	the	knee	was	neutral	during	the	stance	
phase	and	in	abduction	during	the	swing	phase	while,	in	the	fourth	phase,	the	knee	was	
in	abduction	during	both	the	stance	and	swing	phases	[25].		
	
In	our	study,	for	our	entire	cohort,	the	results	we	obtained,	namely	adduction	for	
the	majority	of	the	stance	phase	(points	0-56	of	the	cycle),	abduction	for	the	beginning	of	
swing	phase	(points	57-81),	and	adduction	for	the	end	of	the	swing	phase	do	not	
correspond	to	any	of	the	four	patterns	identified	my	Mezghani	et	al.	[25].	We	hypothesize	
that	perhaps	that	there	is	greater	variability	in	the	frontal	plane	than	initially	thought	
and	that	more	than	four	distinct	clusters	may	be	necessary	to	properly	model	the	
variability	that	exists	in	healthy	subjects.	Furthermore,	as	discussed	below,	it	is	possible	
that	differences	in	the	gait	cycle	between	men	and	women	may	contribute	to	the	
variability	of	the	frontal	plane.	
	
Gender	effect	
	
When	comparing	men	and	women,	we	found	significant	differences	in	points	80-
96	of	the	sagittal	plane,	points	65-92	of	the	transverse	plane,	and	the	entirety	of	the	
frontal	plane	of	the	gait	cycle.	In	the	literature,	differences	in	gait	between	men	and	
women	have	been	reported	with	respect	to	stride	length	and	step	width,	with	females	
having	shorter	stride	length	and	narrower	step	width	[72,	73].	It	has	also	been	shown	
that	women	walk	with	their	pelvis	tilted	more	anteriorly,	and	with	hip	joints	more	
flexed-adducted-internally	rotated	[73].	Furthermore,	in	controlled	laboratory	settings,	
men	and	women	tend	to	have	similar	comfortable	walking	speeds	[72,	74,	75].	Indeed,	in	
our	study,	there	were	no	significant	differences	between	the	walking	speeds	of	men	and	
women	(2.8	vs.	2.6,	p=0.16).		
	
	The	differences	in	knee	kinematics	between	genders	with	respect	to	the	knee	
have	not	been	studied	very	extensively.	Barrett	et	al	failed	to	show	any	gait	differences	
between	men	and	women	in	the	flexion/extension,	abduction/adduction,	and	
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internal/external	rotation	axes	[76].	Two	other	studies	also	failed	to	show	differences	
between	genders	[76,	77].	Cho	et	al	did	report	that	the	knee	showed	a	greater	valgus	
motion	through	in	the	entire	gait	cycle	in	women	when	compared	to	men	in	the	coronal	
phase	[73].	In	our	study,	we	did	not	examine	the	coronal	phase	but	we	do	indeed	report	
that	women's	knees	were	more	in	valgus	than	men's	knees	in	our	radiological	
measurements	and	the	difference	appears	to	originate	from	the	tibia	(mMPTA	of	88.4	
degrees	vs	86.4	degrees,	p<0.001)	
	
When	comparing	the	radiological	data	between	men	and	women,	we	notice	
statistically	significant	differences	in	the	mMPTA,	the	MPFA,	and	the	HKA	angles.	
Bellemans	et	al,	in	their	article,	had	also	compared	angles	between	men	and	women.	Like	
us,	they	had	demonstrated	significant	differences	in	the	HKA	and	mMPTA	angles	
between	genders.	In	their	study,	the	MPFA	angles	were	not	measured	[13].		When	we	
divide	the	female	and	male	subjects	into	varus	and	valgus	subgroups,	we	note	that	the	
differences	persist	in	the	varus	subgroup	analysis	while,	in	the	valgus	subgroup	analysis,	
only	the	differences	in	the	mMPTA	remained	statistically	significant.	
	
Cho	et	al	also	showed	that	there	were	no	significant	differences	between	men	and	
women	in	the	sagittal	plane.	Interestingly,	we	showed	significant	differences	in	points	
80-96	of	the	gait	cycle,	which	correspond	to	the	mid	swing	and	the	terminal	swing	phase,	
during	which	women’s	knees	showed	greater	flexion	than	men’s.	In	the	literature,	
greater	knee	flexion	in	women	in	the	pre-swing	phase	has	already	been	reported	[78].	It	
is	tempting	to	attribute	these	differences	in	flexion	in	the	pre-swing	phase	to	women	
being	more	flexible	than	men	in	general,	yet,	in	our	initial	assessment	of	all	study	
participants,	there	were	no	significant	differences	between	genders	with	respect	to	
maximal	active	knee	flexion	and	extension	attained.	It	is	worth	mentioning	that	in	Cho's	
study,	all	participants	were	of	Korean	origin	whereas	in	ours,	the	vast	majority	were	
Caucasian.	It	is	possible	that	different	gait	patterns	may	predominate	in	different	
ethnicities	and	could	partially	explain	differences	observed	between	studies.	
Additionally,	Cho	et	al.	used	an	opto-electric	system	and	force	plates	to	conduct	their	
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study	while	we	used	the	KneeKGTM;	the	use	of	different	methods	to	measure	gait	
kinematics	may	also	contribute	to	the	differences	observed	between	our	study	and	
theirs.	
	
As	previously	discussed,	the	frontal	plane	is	where	the	most	variability	exists	in	
the	gait	cycle	and	our	results	certainly	mirror	this	fact,	with	significant	differences	
between	genders	occurring	throughout	the	entirety	of	the	cycle.	For	our	cohort,	we	
showed	adduction	in	points	0-56	of	the	gait	cycle,	abduction	for	points	57-81,	and	
adduction	for	the	rest	of	the	cycle.	If	we	analyze	the	cohort	in	terms	of	men	and	women,	
we	notice	that	men	tend	to	have	their	knee	in	adduction	for	the	majority	of	the	gait	cycle.	
In	fact,	in	the	male	group,	abduction	was	only	observed	in	point	71-75	of	the	cycle,	which	
corresponds	to	the	mid-swing	phase.	The	results	for	the	women	resemble	more	the	
overall	group	results	with	adduction	in	points	0-48,	abduction	in	points	49-86,	and	
adduction	in	points	87-100.	It	is	worth	noting	that	women	do	spend	more	time	in	
abduction	and	also,	have	greater	values	of	abduction	than	men.	These	findings	are	
supported	by	the	literature	where	two	studies	have	already	shown	that	women's	knees	
were	more	in	abduction	than	mens'	knees	throughout	stance	phase	[69]	and	throughout	
the	whole	gait	cycle	[73,	79].		
We	hypothesize	that	differences	in	the	frontal	plane	between	genders	may	be	
partially	explained	by	anatomical	differences	measured	on	x-rays	and	we	demonstrated	
that	women	had	larger	HKA	than	men	(-0.87	vs.	-2.6,	p<0.001)	and	knees	more	in	valgus	
than	men	reflected	by	the	mMPTA	(88.4	vs	86.4,	p<0.001).	
	
Bilateral	comparison	
	
We	also	compared	the	left	and	right	knee	kinematics	of	the	same	subject	in	our	
study	in	order	to	try	and	determine	if	there	are	any	significant	differences	between	
knees.	We	noticed	that	in	the	sagittal	and	transverse	planes,	there	are	no	significant	
differences	between	the	knees	yet	in	the	frontal	plane,	there	are	significant	differences	
between	points	60-90	of	the	swing	phase.	While	the	origin	of	these	differences	remains	
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unclear,	it	is	a	further	argument	to	support	that	the	frontal	plane	is	highly	variable	and	
that	many	different	patterns	of	knee	adduction/abduction	may	exist	in	the	normal	
population.		
	
To	our	knowledge,	there	are	only	two	studies	in	the	literature	that	have	
attempted	to	compare	the	left	and	right	knees	of	the	same	subject	[44,	80].	One	study	by	
Ino	et	al,	using	the	PCT	technique,	also	showed	that	the	differences	were	more	significant	
in	the	swing	phase	[44].	Like	us,	the	authors	state	the	reason	for	this	remains	unknown	
but	postulate	that	a	possible	explanation	may	be	that	the	leg	is	not	weight	bearing	in	the	
swing	phase	and	that	kinematics	may	therefore	be	more	influenced	by	ligament	balance.	
The	other,	which	compared	the	left	and	right	knees	of	the	same	subject,	failed	to	show	
any	differences	in	the	sagittal	plane,	confirming	our	findings	[80].	
	
	It	is	interesting	to	note	that	our	cohort	had	statistically	significant	differences	in	
the	mMPTA,	the	LDTA,	and	the	HKA	angles	between	right	and	left	knees	(Table	13).	The	
mean	of	the	absolute	differences	between	the	right	and	left	knees	are	less	than	two	
degrees	for	all	three	angles.	It	is	unclear	if	these	differences	are	clinically	significant	or	if	
they	can	simply	be	attributed	to	lack	of	precision	on	measurements	made	(Table	15).	
However,	when	we	look	at	the	range	of	the	differences,	the	differences	between	each	leg	
can	be	as	high	as	six	degrees,	which	could	be	clinically	significant.		This	introduces	the	
question	on	whether	these	angles	affect	lower	limb	alignment	and	thus	muscule	
alignment,	which,	in	turn,	could	potentially	affect	the	adduction	and	abduction	and	
account	for	some	of	the	variability	obeserved	in	the	same	subject.	
	
Lower	limb	alignment	
	
	 We	attempted	to	determine	if	there	is	a	correlation	between	the	HKA	angles	and	
the	abduction/adduction	motions	of	the	frontal	plane.	We	showed	a	weak	negative	
correlation	between	HKA	angle	measurements	and	the	loading	response,	mid	stance,	
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terminal	stance,	pre-swing	phases	of	the	gait	cycle.	To	our	knowledge,	there	are	no	
results	in	the	literature	discussing	these	potential	correlations.	
	 The	lack	of	a	clear	correlation	between	HKA	angles	and	the	various	phases	of	the	
gait	cycle	suggests	that	static	alignment	does	not	correlate	with	dynamic	alignement	and	
as	such,	measurements	obtained	on	radiographs	do	not	accurately	represent	what	occurs	
when	a	subject	is	walking	in	terms	of	alignment.	
	
Conclusion	
	
	 We	conducted	our	study	with	the	premise	that	databases	of	clinically	relevant	
data	on	gait	should	be	available	in	order	to	allow	for	further	research.	A	potential	avenue	
for	future	research	may	be	to	explore	differences	between	healthy	knees	and	knees	
afflicted	with	pathology	and	to	utilise	these	differences	to	better	understand	pathology.	
Furthermore,	gait	cycle	data	could	eventually	be	used	to	plan	alignment	in	total	knee	
arthroplasty.	While	our	study	of	normal	subjects	is	one	of	the	largest	to	explore	knee	
kinematics	during	the	entirety	of	the	gait	cycle,	further	work	is	needed	to	understand	the	
differences	outlined	above	and	to	explain	the	impact	that	anatomical	differences	and	
lower	limb	alignment	could	have	on	gait.		
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